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AN AIRFOIL SPANNING AN OPEN JET*

By J. Stuper
SUMMARY

The first part of the report treats of the theory in-
volved. Proceeding from the fundamental problem on the
mutual relation of a wing and free boundaries the distri-
bution of the circulation is determined for an airfoil
spanning an open jet of rectangular section at different
aspect ratios, and then for an open jet of circular sec-
tion.

The solution is obtained by means of a Fourier series
and. computations have been performed for different values
of the variables.

The second part describes the expseriments performed
for the purpose of proving the theory. The results con-
firm the theory. 1In conclusion it defines the induced
drag of a wing extending across an open Jet and compares
it with the drag of a monoplane having a span egqual to the
jet width at egual total Lift.

I. I¥TRODUCTION

The present report treats of the case of an airfoil
extending across an open jet on the basis of Prandills
airfoil theory (reference 2).

The problem consists in analyzing the phenomena pro-
duced on an airfoil of constant section when extending -
normally to the jet axis ~ through the center of an open
jet or rectangular or circular section.

) 11
*"Der durch einen Freistrahl hiandurchgesteckte Tragflugel
(reference 1). Ingenieur-Archiv. vol, III, 1932, pp. 338~
355,
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In contradistinction to t e calculatlop in the airfoil
theory regarding the wing of finite mspan vat ia an iafianite
flmid the wing here is, so to say, of iafinite span, where-
as the fluid has certain bouundaries. A4 differentiation is
made Detween two kinds of boundariesr fized walls and open
jet boundaries, i.e., such, bDeyond which the velocity vec-
tor disappears. The present problem pertains to the case

of free b&undaries. Practical interest attaches to the so-
lution of the problem (refereﬁce 3). Ia steam turbine de-
sign one em»loys vanes spanning the jets. Bes1aes, the air-

foil extending across an opean jet affords an aerodjuamlc
test arrangement of more than usual sinmplicitys (reference 2,
Do 52), With circular jet section the solution answers in
part -the question as to the interference of the slipstrean.,
on the wing and the control surfaces of an airplane.

II. Theory

The condition to be fulfilled witih the existence of
free jet boundaries is the coastaancy of the pressuire on
hem. The Uressure uqua s that of the fluid at ' rest.

c)‘ -

In the first order t He condition is fulfilled by »ut-
_ting the interference velocity-component on the free bauid-
aries in the flow direction-equal to zero, this velocity
componeant being due to a disturbance for instance, an air-
folil across a jet.

Tne following coordinate system is used:
¥ - direction coincident with the winag,
y - direction of flow,

z - dowaward. -

With uw, v, w, as velocity components of the interference
on the free boundary and V the strecm velocity, Bernoullils
theorem gives ‘

T S N 2
st T Y 4+ v)R+ v+ w2 = const. = VT
or

2¥v + u?2 + v2 + w2 =
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Ia first. order this gives the atove condition that v = o
on the free boundaries (reference 2). The method of solv—
ing such problems is to.agsume an infianite. fluid and-to

‘choose the appropriate velocity component in the flow di-

rection egual 4o z=sro oan the surfaces which are to represent
the free boundaries. The changes Pro wced %y‘these addi—
tional fiows coastitute the e¢fect of -the’ ;rce bOuﬂd6”1€

Problem 1l: A plane as free boundary.~ Assuming that
in the half space x > o the rate of fluid flow is V and
static in the x <« o0 half, {len the plane x = 0o is a
free boundary. 4 cylindrical wing of iafinite svan lying
on the = axis has the circulation o ‘at point x % o,

becauvuse the pressure at top and bottom edge of the wiag is

‘tne same. ACCOLle gly fhe'qvestion is posed as to how the

circulation drops from I'yy (infinite flLJd) *ol "z—.o when

x = 0. The solution of thkis problem givses gimp form.
informetion on the behavior of the flow at u“r poiat at
wiich tZe airfoil passss through the free boundary. The

singularity establlsned for this p011t should likewise oc-
cur with all other bowmndary surfaces (circular jet, etc.).
The addition of au egual wing vportion with angle of atvtack
-~ in the negative x axis to the wing portion, with +a
angle in positive x axis, produces no iaterference veloc-
ity v in the plane’ x = ¢ with assumedly constaat air
strean in fluid of ianfianite extewnt. The angle -a 1is so
deiined that with it the wing has the same but opposite
circulation as with +a. Taen at eacn point of = = o

tnere is an equal but inversely directed couponent v. .of
the one wing part conformaniy to the v component of an-
other part, so that the resultant disavpears. On the prem-~
igses of the first order the v component as well as the

w component becomes zeroc., The w compounent unormal to

x = 0o effects a deformation of the bounda ary.

The subsequent treatmeant of the problem which leads
to the guestion of the circulation distribution of a wing
with variable change of angle of attacl, is'develope& in
the following problem, in which ths above probvlem is cou-
tained as a special case.

Problem 2: Two parallel planes as free bouandarieg,.-—
Bounded by the surfaces x = o and x =1, thas rate of
fluld flow is assumed as V. Adwittedly, irn fluid of in-

inite extent an airfoil lying on axis x produces no ia-
terl,rence velocitics v om == o0 apnd x = 1 when its
angle of attack alternates periodica 1ly betweea +a and -a.
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d is egual %0 2 1 and the fisc ontlnultwes occur

The perio 5
t x=o0, 1. 2 1, %1 - - -. The problem of a wing
ita variabvle angle of atiack change is K;own'in the air-
0il theory as tle aileron problem (referonce 4).

In the treatmwent of tlat #wrcblem the ﬁlst¢1but on of
the circulation over a wing with a periodic, sudden changs
of angle of attack nas bheca determias

c it was intended to employ the sawe line of
reasoning o a stubsequent calculation it wmay aot be awiss
T %

to :néat Betz and Petersolin's method in so far as it re-
lates to our subject.

Let I'e %be the circulation about the airfoil in in-
finite jluLP and at angle of attack o¥, ard t = the wing
chord. Taen the circulation at point =x is .

r I

(x) = Feo £ (=, 8, 1).

Thae periodically changing angle of attack is expanded in
a Fourier series (referencs 5):
; A
s @ sin (2 a+ 1) m i
C(g) T - X - -
T o 2 n 4+ 1

NYext we form F(y) as an aanalogous Fovrier series with as
vet maknown coefificients
z p
L s -
l(v) = 'y z 8(zn+:) sin {2 n + 1) =7 0
-

Then the velocities in gz direction produced at the locus
of the winz are agcording to the airfoil theory (reference

© a. L (2 n -+ 1)
oy = le 3 (27 + 1) e sia W (20a 0+ 1) ]
- 0 41
~— -
Ml o
Then . eV b | _ W(x)l cith o = 4 cac
(x) 2 3 {(x) _if"“J T & o e
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%

thaﬁ<§4sin(3n+l)ﬂ mct(2n+l)ﬂa(én+1>

r = Lo oL sin(2n+i)nE
(=) 2 0 m(2n+1) ] 8 1 _ 1
“Aliowing for
c v V oo¥
gx. L2 =T
yields
- b t(2ntl)ma(s nt1) | %
P N = P 4 —— o \211 | . » + i
(%) had %b(2n+1) 8 1 J8n (2n+1) m 1
Putting
T 5 in (2n + 1) x
=0,.% a + sin on T
(x) on & (2n+ 1) ;

we nave, since the coefficients of the corresponding terms
of the two Fourier series must be equal:

4

8(2n+1) : -
™ (2n + 1) [1 + 95%31-(2::1 + 1)]

and consequently

r - T 412 sin (2a + 1) m ¥
(x) ~ = & -
T2 (on + 1) + LT (20 + 1)°
81
We write 8l = A, soO that
c t o1
x
U(x) 4™ sin(2n + 1) T m
i L, —Z
m 1
Yo °© (2n + 1) + & (22 + 1)
4 [® sin (2n + 1) ﬂﬁ% wsin (2o + 1) ? }
= =175 . - 7
™o 2 n+ 1 “  2mn 4+ 1N

in (2m -+ 1) ™

o sin (2a -+ Tr
=1-25. !
™ o

2 n + 1 + A
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The calculation and representation of the distribution
curve is developed with the ald of the solution of tae next
problem,

Allowing the period 21 to grow agaiast e in the
present problem, yields problem 1. ' According to Betz and
Petersohn (reference 4, Pe 256), it results for this case
in

r 2 8x 8x . 2 8x
Tizl = ) = — gin — 0L —— e« ¢c08 — (1 =~ — 5% —
o T ct ct T ct/

wherein Si and Ci denote the functions of the inte-
grals sin and cos, respectively. (reference 6), It is
found that the circulation distribution has a singularity
of form x lg x at the focal point,

Problem 3: Open _jet of rectangular section.-~ The con-
ditions at the boundaries of a rectangular open jet of
width | and height h are fulfilled for .a wing spanning
the jet with the following assumptions. For infinite fluid
we Tind in plsne ¥ = o at the points z = mh (m ipludes
all positive and negative whole numbers as well as zero) in-
finitely long wings with periodic, variable angle-of-afttack
change, alternating between +a*¥ and -g*, The period is
equal to 21 and the reversals are at points x = o, i,
+21, oo (fige 1). With this assumption all velocity compo-
nents in the direction of flow on the surfaces =x = ml and

z = (2mn + 1) % are made to disappear.

According to the airfoil theory, the w component of
the velocity induced at the locus of the wing in the x axis
is :

Lore e W) - ox)
w - = [ - =)
(=) 4 —o m=—o  dxy (x = x,)° + (mh)®
XX,
LFg e 1w deye
ar “® w1 dx, ( zr_{jc_l\,s 4me B 4T o dxl (Kexy)
: S 1 ;
S v
Then (reference 7)
« a T 1
5 5y =T Cscil T & e« ~-
m_—_-l & + 111" 2 za
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Consequently, ar
¥ (x) i - iz Csch 5 (x x,;) 4x .

The angle of ‘attack can be expanded in a Flouriei" series:

o 8in (2n + 1) w £
o =oc*-f4-2
(x) T o 2n + 1

cdl

and we form

e -]
= s X
M'x) = Te g a(ons1) Sin (2n + 1) m 3
Then ® g (-2n—|;l)1T o x T
=7 5 (2n+1) ' 2 - -
¥ (x) I, z ] Jécos(2n+l)ﬂ T Csch & (x-x,)dx,
The integral in this equation becomes with % (x=z,) = v
=0
1 ¥
J = % cos (2n+1)1 % S cos(2n+1) % v Csch v dv
-0
h X T ¢ h
+ = sin(2n4+l)w = J sin{2n+l) 5 v Csch v dv
T I ‘s 1 .
J cos(2n+1) 7 v Csch v dv = 0
~w
and (reference 8) (2n+1) 2 1
+oo T e i + 1
J sin(2n+1) 7 v Osch v dv=y ~~ h
Ze Ba+l) 37
e - 1
Thus | (2n41) B
' © g -y (2n+l)m e - _
T(x) e Z (2n+1)4 3 , 5 sin (2n+1)m %
0 e(2_.n+1) T,
The insertion of a Fourier series for. o (x) and W (%)

in equation

| e v o&l Wiy |
Pixy = - "'é'}g)']

T8 (z) "
2 L R

results in
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4
a(2n+l)~ : . .
. ‘ S (2n+l) B & ‘]
(). 1-_+_°-.’.°,..”é21'n’*,'%)f P i
. , - o Fope) 1 T —lJ

and consequently,
X sin(2n4l) o &

M) _ 2% v
r T 5 T (on+1) B
“ (2n41) |1 + © t m(2n+1) e.2n+ ) T
8 1 (2n+1) & m
L. - : e -1

Calculation of function I'(x)/'e~ Permitting h to
grow against o in the last equation givgs

(211+1).h T

e l
.
[2

_ = R |
{2n+1)
e

)
-1

and we obtain with equation
.sin(2n+1)ﬂw%

I'(x) 1
2n + 1 + A

r

-4

= 1 - Z
0

oo

the solution of problem.2 again,

The point, therefore, is to compute

1

e sin(2n+l) .m % :
S = % S
o 2n + 1 4+ A

. Assuming x/L .to take successively the values 0,5,
0,25, 0,125, 0,0625, we obtain.

(~1)"
2n + 1 4+ A

e
[o]

I

’ . ‘oo n i o n E
S 2 S.i n T-T- i; -—-.—-.(:,}_2__..__,.__ + Z - ( "__l_)_________ {
(o]
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. e m . - .- -
Sg= sin T l- 0 .._._.:l)___._..
e o 8 |g 8n + T 4+ A 8n + 7 -+ A

] EE{—? (~1)P o ~-1)% ']
- + sin 5 l I P Y + % 5;1;—%—I“X
S, = sin T . {-1) k (1)
. 16 [E‘lsn + 1 + A f_lﬁn + 15 + A
ce n Lo n 7]
+ sin 30| % (=1) + 5 —f=1)
. 16 LO 16n + 3 + A 5 16n + 13 + A
o n o n )
+oein S| 5 —L=1)" 5 ___(=1)
T 16| o160 + 5 + A 4 16n + 11 + A
. .n o . p
+ sin Zﬂlaz (=1) 5 {=1) _
16 | 5 16n + 7 + A g lén + 9 + A_|
T (=1
All existent sums are of the type of S = X il
n=o an + b
Then
© n b-1
5 BC DI N a t

oan+b o 1 + t2

Partial fractionation of
arithm and an arc tangent, by
be computed, The calculation
tegral A values from 1 to 9,

this integral leads to a log-
mesns of which the sums can
was carried through for in-
which practically covers all

interesting ratios of jet width to wing chord, The oD~
tained figures are ziven in the first part of 4table I

(A=), Figure 2 shows the trend of P(x)/P@ for constant
wing chord and indreasing jet width, The enveloping curve
for % = o is Betz and Petersohn's distribution curve,

In figure 3 the course is given for constant jet width and
different wing chords, This solves problem 2, Prescridbing
definite values (rectangular jet) for h/1, the expression

h
e(2n+1) T

L = ¢ (2n + 1,2) is seen to
o (n+1) %-n_l : : 3

converge toward 1 after very fow terms of the series, Thus
the abtove computed sums can be used by bearing in mind the

effect of the function ¢ (2n + 1, %) on the first terms
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of the series. The P(x)/P values are giwen in table I,
The trend of the ‘curves for different jot sections with
varying wing chord is s40wn in figures 4, 5, and 6, whereas
figures 7 to 10 give. I'(x)/ P versus A for differont h/l.
This solves prodblonm 3, : :

Problem _4: Open Jjet of circular section.- A solution
can be effected as follows. -4As shown at the beginning of
the report, the fulfillment of the jet condition within
the first order stipulates that the component of the inter-
ference veloclty in direction 'x beocomes zero at the jet
voundarys The integration along the streamline revecals
that the potential of the interference velocities at the
Jet bpoundary must be constant and has the value zero. Con-
seguently, the streamlines of the interference flows are
perpendicular to the jet boundary, This condition is ful-
filled with the circular jet in a section far aft of the
wing, .The thus formulated boundary condition prescribes
that the disturbance due to the circular contour be con-
fined to radial direction only.

For symmetrical reasons the origin of the coordinatos
hereinalfter is placed in the center of the jet, Within
this circle the equation

ey - s.g.: {a* L.LJ

must be fulfilled for constant o* and t, With conformal
transformaftion the radius of the circle Decomes R =1,
Then ‘the circle is plotted by the funection o

. il . i - g

i - e*t — - L= 2
z = 2-=-2—p or { = - 11g e
1 - ie? 1 -1z,

onto a.period strip (fig. 11).
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TABLE I

h x

T A T , ,
Oeb 0e25 0.125 0.0625
1 0.559 0.482 0e361 " 04252
I 2 0,727 " 04654 04523 0.386
b 3 0,805 0747 04624 0.478
i 4 0,849 0,802 0,689 0e543
- 5 06877 0,835 0.738 045986
. (o]
, 6 0.897 0.862 04770 0.635
v 0.911 04877 0,800 0.670
8 04925 0,893 0o819 0,698
9 0,930 04903 0837 0,722
1 0,531 04470 0,352 0.248
2 0,702 0,634 04513 0.382
3 0.784 0,733 04616 Oed74
4 0.831 04790 06682 06539
5 04860 0.823 04730 0.592
1.0 /

6 0.883 0.853 04765 0,633
i 0.898 0.869 V.795 0,667
8 0,910 0.885 04815 0.695
9 0920 0,896 04833 0,720
1 04498 Oo447 04338 0.242
2 0,678 0.614 04502 04376
— 3 04765 0,717 0.609 0.470
0.7854 4 0.813 0776 0,675 0535
™ 5 0.845 0.812 0.724 0.589
4/ 6 0.868 0e837 04759 04630
4 0.886 0850 06790 04665
8 00899 0e877 0.810 0,693
9 0,909 0.888 04829 0.718
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TABLE I (cont'd)
A 1

0.5 0¢25 0,125 0.0625

1 0,458 0,419 0,323 0.222

2 0,632 0.586 04487 0.368

3 0,723 0,690 0,594 06462

0,58905 4 . 0,778 0.752 04661 .04529
( 2\ 5 0.815 0,791 0,715 0.583
16/ 6 0.841 0.823 0,752 0625

9 0.861 0,841 0,782 0,660

8 0.876 0,861 0,802 0,688

9 0,889 0,874 0.821 0,714

1 0,333 04319 0,261 04205

2 0,499 0e477 0,422 063353

3 0,600 0,588 0.531 04430

0.31831 4 0,667 0.659 0.605 0.501
1y 5 06713 0,705 04651 04557

<~ s 6 0.750 0,745 0.701 0,600
i 0,778 04771 0,734 0,638

8 0,800 04795 0,761 0,667

9 0,819 04813 0.784 0,694

1 0238 06236 0.211 0.172

3 0,481 04478 0,453 0387

4 0e557 Oe552 06531 Qo457

5 Ol612 04609 0.589 04515

0.2

6 0,653 04652 0e634 0.561

i 0.688 0.586 04672 0599

8 0.716 Oe715 0,701 04632

9 04739 06738 06726 0660
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The x axis (-l <x<1l) ©becomes the £ axis
(0<t<m) because x = ———aon = ;E:"Thé section of the
periphery lying in the seni-plane =x< 0 Dbecomes the

straight line £ = 0, the other half becomes £ = .
The above equation must be transformed in the ¢ plane,

It is
El(x) 4 2= S8 4 ¢
d x at
W(x) d x = W(E) a ¢
Then
a (1 - 1 eig)2
d x - 1
d £ 1+ sin ¢
Accordingly,

I'(¢y) = c V. % [a* - T(E) (1 + sin £)]

Tiis equation must be fulfilied in the ¢ plane,
The fulfillment of the jet condltion which stipulates in

the ¢ vlane that on both boundary straights £ = 0 and

£ = m ouly flows in dircction of the normals may occur,
can be effected by reflection method as shrown in problem 2,

It resunlts in the equation

|
i
'
'
!
|

ek 1 _ o #) _eb m(k)
I'e. 1+ sin £ 1 + sin § 2 T
B the minus sign for the iatervals (2 p - Lm<t<2 n T,

he plus sign for the intervals 2 p m<f <(2 p + L)mwm. The
solution is again effected by expansion in a Fourier series.
We expand
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(-]
-1 - ¥
= = L Dop c0sS 2 m ¢
1+ |sin g ¢ "=
+.1 bt ‘ '
' TF [sia § o Plen r1) sim (22 + 1) ¢
with = -
b o= gﬁj’cos -
2m T . 1 4+ gin x
4 ™2 gin (2 o+ 1)F
27 sin n d x

With as yet unknown coefficients

?Lil = g- a(cn+1)hsin (znh+ 1)5.

we have
W(.v 19" ) '
C_)_z_.-‘ { : . R '
- Z % a(opty) (RD + 1) sin (2a + 1) €
Then we put 8 = A, so that
. ct
(o 'oe .
'E 8,4y Siz (2n + 1)¢ § Doy cos 2 m €

] 1A

el ) 1> : .
= 28 (gn+1)sin(2n +1)E - ¥z a(pp+1) (@2 + 1) sin (22 + 1)§
) o .

1l o, < _ i . .
3 ;E 2 a(anp+l) Yomlsin(2a + 1 + 2w) € 4+ sin{2n + 1 - 2m) ¢]

0 wW=o0

Il
8

a(ania) t232 T 1)] sin (2n + 1) ¢

>

{B(znt1) -

n=o

The comparison of the coefficients of correspondiag
terms discloses the following system for the desired co-
efficients a(2n+1):
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(2b0+i> = 2B,-[ a5 by=by)+a(Dambg)ta, (b o=bg)+ —==],
A .
o 2oty = 2Pg=[a,(by=b, )+ as(by=bg)+a, (b =b, o)+ -1,
2N\ s r
®s “b°+xx = 2ps-la, (b~ )+a, (b= )+ a,(b=b, )+ ---1,
AN . .
3.7‘.31) /\./' = zﬁV_Eal(bG—bg)'*‘aa(b.;"'blo)+ '35(b2—012>+ ———,

which is solvable by iteration. The calculation of the
integrals

T/ =2

. (211 + l) i
=) 2=2R2 2 2 4q a a, =J e d ¢
I é-l + sin ¢ ¢ an 2 1 + sin £

for defining D,, and ﬁ(an+ 2) glves the values in a form
which offers difficulties to further calculation. Iyt is
more expedient to approximate the function F (&) =

«——l—m— in the interval 0 SEZ o by a rational fuanction.
1 + sin
A first approximation would form the parabola y =

2
=2 (g— TN + L , Which at point & = 0, ﬁ/Z and T coincide
LAAERN 2 7 '

with the previous curve. Approximation with Tunction

v

N
b1
2

ed
i
©
e
1
tﬂj
hﬂﬂ

'D

N
/ /
is better, wherein a aud b are so defined that at point
E =0 (for ¢ =T also for symmetrical reasons) the value
of the function and the first derivation agree with the
previously cited function. The subsequent calculation is
made with this approximation. It is

a = e —_y b= - - =
o m il T
hence
4 8 \y4_ (8 _ LB\ g3, /5 _ 8\ % ¢ 41
(ﬂ 2 i} (ﬂs e, (ﬂ 2, " 4
Accordingly
' 4“‘/2
boy = F é T(gy ©0% 2 mEd §
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S
B _s
(2n+1) "

0%,

gy sin (3n + 1) & at

Now the. coefficients a(npq) -can be defined by

means of the. above cited system of equations. We computed

].— ¥ o . X
Tiil_ at the points £=2, O, T aud T for integral
i : B S -2 4 8 15

values of A from 1 to 9, which, reduced to the =z plane
give the figures in table 11,

18R x
ctm R
0.0 | 0.214 G.870 0.821

1 0,519 0.452 0.355 G.224
2 0.592 0.321 | 0.491 0,356
7 c.v74 | 0.725 | 0.587 | 0.a47
4 0.&21 C.784 0.535 0.510
5 0.852 0.825 C.714 0.876
6 C.877 0.852 | 0.753 0.616
7 0.591 0.87%2 0.782 0.851
8  0.90s | 0.890 o.802 | o.eg0
9 0.915 0.899 0.819 G,709

The trend of the distributicn curves is seen in
figures 12 aad 13, .
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III. EXPERILENT

Thé calculations descrided in the preceding sections
were proved experimentally. The set-up is illustrated in
figure 14, At &a 1is the nozzle of a blower. The illus-
tration shows the arrangement for the measurements on the
circular jet (R = 20 cm). In another case the jet was
given a square section (h = l.= 30 cm), and in still an-
other a rectangular section (h = 15 ¢m, 1 = 30 cm, hence

h
~ = 0.5 cm). The velocity distribution across the jet

section proved to bPe sufficiently constant in all cases.

A model airfoil (GB8ttingen No. 398) of t = 10 cm chord was
mounted on a U~shaped frame h. The distance from the
nozzle edge to the leading edge of the wing was 10 cm, be-
cause the static pressure assumes a constant value at that
distance. he wing hags at b 16 orifices distributed a-
cross the section (figure 15). The test stations are con-
nected to the multiple pressure giige ¢ by means of tubes
and rubber hose., The pressure patterns were photographed
with camera d, as illustrated in figure 16. The wing can
be made to slide normally to the jet axis with the frame

+h (fig. 14) along the guide rail g. The amount of dis-

placement is determined on scale f and marked at every
exposure, The measurements included -~ with rectangular
jet section - the following angles of attack: -3°, 0°,
30, 69, 90; and - with circular jet sectiom: =29, 09, 39,
and 59. The wind speed was 30 m/s. The figures taken
from tihhe pressure photographs were made nondimensional by
divisioan with the dynamic pressure of the undisturbed flow
g. By plotting the figures against the orifices projected
on the air stream direction as abscissa we obtain pressure
profiles whose contents represent the 1ift quota of. the
test gection, Several examples for the square jet are
shown in figures 17 to 1l9. The figure above each pressure
profile indicates the ratio of distance of the tegt secection
from the jet center to half the jet width. With ¢y () =

a-;*a-;* the pertinent cg4 (x) 1= obtained for.each test

section,.
IV, THEORY vs. TEST

Analysis of profile constant c.- According to the
profile measurements (reference §)

Ca = 3,82 o



-

18 N.i.C,4, Technical Memorandum No. 723

for the emp]o red alrf011 (a* measured in radians from
point ¢, = o). These measureuents had been made with a
characteristic valus ® = 6,00C mm % =m/s, in contradis-
tinction to our measurements with I = 3,000 mm X n/s.

A411lowing for this fact results in

a*

()]

Cy = 3e6
as nrOUﬂblc value accordlng to Wieselsberger's cypeﬂlmants
(refereance 9, p. 54, ete.)

The egquation is valid for § = 5 aspect rdtio. For
conversion to the wing of. infinite span we used Glauert's
formula (reference 10) for wings Wlth rectangular contour.
It yields y . Vo

E&

Cam = 5.02 a¥x and

'Q.zlp.)

Determination of actual’ jét dimensions.- In order to
study the effect of the jet contraction and the mixing zoane
a% thé jet boundary on the jet dimensioans the course of the
flow velocity was measured in the plane of the wing leadiag
edge normally to the jet axis. Thse constant value within
the jet served as height of a rectangle its width, so
propoertioned that rectangle and veL001ty profile are of
equai volume, 1s defined as actual jet width, Thus:

h = ] = 2%.1 en for the sguare jet,

h = 14.56 cm, 1= 29.1 cm for the rectangular jet.

The jet radius for the circular jet was ascertained as
equal %o the nozzle radius (R = 20 cm), ~ because of the
opposition offered Ly a special design of the nozzle (con-
striction before the mouth) agalnst the otherwise produced
contraction.

The wing chord was t = 10 em; thus
A= 8L
c bt
vields A= 1,47

for the sghare and rectaagulam jet
and Kk = 2.02

for the circular jet.
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[ (x)

Comparison.- The values for p——— can be read from

the computed tables and irqm,figurez 7 tg 16.

>

It is
a A, o
e 72t 4 x
2
and with
d A
_..._LE.)_ = p A" P(x)
d x
it is
o
c _ 2=
a(z) —. V ¢
sinilarly
o T Y%
thus F{"l
c_¢. c —
a(z)” “ee T

0
e

— as used for computing the theoretical values of ¢_ (x)
1

a
for tihec different angles of attack. The treand of the ft
distribtution with sguare jet section is shown in figure 20,
with rectangular section in figure 21, and with circular
sectiocn in figure 22. The small circles denote tiie meas-
ured values. The treand of the theoretical and of the ex~
perimental curves is patently ian fairly cloge accord, the
measured values being somewhat lesss than the theoretical,
Tiiis discrepancy diminishes as tke angles of attack de-
creases. The cause of the greater discrepancy toward the’
Jjet Dboundary with the angular jet sections is taat the
vlower jet has rounded-off coraners as a result of the mix-
n ing gone., With the circular jet where this effect does anot
j exist, the agreement is therefore substantially closer.

The very close accord of the total 1ift as defianed dy theory
and test ig noteworthy.

B>

Calculation ef drag.~ According to the airfoil theory
(reference 2, p. 27) :

-

aWw=np l(x) W{x) d x
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which, when supplemented by

’ 2 Iy
. - T — ——lEEL
V(%) Y k_CI. o Tt ‘
2 e

W(x) = 9.. Vat o;z___I_,T _____

yields (reference 11)

J_ N
AW =c % T2t o -L—l (1 - L—l d x
0:,

T
The form of the fuaction 7%—1 (1 - Eixl\ that is, the

distribution of the drag den51uv is 111ustrated in figures
23 to 27 for different jet sections with varyiang wing chord.

In conclusion we compare the drag of a wing extendin
¥ g

across an open Jjet with the drag of an identical wing (span
equals jet Wldth) for infinite fluid width an assumedly el=-
liptical 1ift distribution, the total 1ift to be the same,
It is

J = r vV adzx

S Ax) TP (w)
cand with % Vita=71Ix, it vecomes

d A(g) = ¢ —g— V=t onl:li.-'—x-)— d x

Likewise

o I
A= cly2q ¢ {—HLZL é x
cc
We put
'y
1 L
thus

Y2t o K 1

.
1l
(o]

oo
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Consequently

. ‘A3
c & v2t g2 =
- c P vt k212
and
A% [V
W = / &k) - HxNg
e B y2y k2125 e N o
Tlien we substitute § for %-, write the theoretical
value of 2 m in place of ¢ [ = d Chim , and put
A d ao: /
lr T
f .l_,i._}:.)_ (1 - .__(.-‘_‘-..)_ d x = v 1
0 lx o
so that
2 AR G oo
W = EX
m™mp V212 2K=
2 A= - .
The factor ————— =3 is the drag of an airfoil of

and with assumedly elliptical

span. 1 in infinite
rence 2, Pe 32).

v
_ flui
distribution of 1ift (rﬂf
5]
2

o

Tae factor n = ﬁ% indicates 1ow nmany timss the
drag of a wing spanning an open Jjet is greater than the
compared mounoplane of span equal to jet width in a fluid
of iufinite exteat. The value 0f x can be obtained by
planimetration of figures 3 to & and the value of «
from figures 23 to 27. The dependeace of mn on t/z is
conseguently so slight as to be within accuracy of the

calcunlation,.

For the rectangular jet section we have

%:: e 1.0 0.518 0.2
m = 1.50 1.67 3.10 4,52

The curve is shown in figuvre 28, For the circular
jet it disclosed m = 1l.84, and for the wing of minimum
drag with given 1ift extendiang across a circular jet,
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proper warping of the wing beinyg permitted, m = 1l.74 ac~-
cording to L. Pohlhausen (reference 2, p. 56).

Translatioun by J. Vanier,
National Advisory Committoce
for Aeronautics.
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Pigure 2.-Circulation distridution with two
varallel planes as jet boundary
versus width of jot.
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Pigure &.-Circulation distri-

bution with two
parallel planes as jet bounda-
ry versus wing chiord.

Figure 5.-Digtribution of cir-
culation with rec-

tangular jet section,h/L = 0, Z18.
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Figure 4.-Distrivution of cir-
cvlation with square
Jjet section,h/L =1,

n/1=0.2  (t/1=C
| 0.08,
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Figure 5.-Distribution of cir-
culation with rec-
tangular jet section,h/1=0.2 .
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Figure 7.-Intensity of circula-

tion in center versus A.
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Figure 9.-Intensity of circula-
tion with x/1 = 0.125
versus A.
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Figure 8.-Intensity of circula-
tion with x/1 = 0.25
versus A.
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tion with x/ 1 = 0.0625
versus M.
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Figare 11.-Conformal transformation
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rigure 12.-Divtrivution of cirenlation with & circular

Jute.
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Figure 15.-Grading of
orifices across
section,.

Jisare 17,-
Circulation
intensity with
circular jet -
Versus A.

a= 5.0 i= 8.5
b= 4.0 j=11.0
¢c= 8.0 k=21.5
d =155 1 = 22.5
e =17.0 m = 20.0
T =20.0 n=13,0
g=17.0 o = 5.0
h=12.0 p = 4.0

Q= 5.5
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a, blower nozzle

h, airfoil model showing
test station at b.

¢, multiple pressure. gauge

d, camera

f, scale

&g, guide rail

Figure 14.-Test arrangement
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Figure 16.-Pressure distribution photograph.
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Fizure 20.-
Lift distribution
with: square
jet section,
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FPlgure 27.-Distribution of drag Figure 24.-Distrivution of drag
dengity with strin, density with square
(n/1 = ). jot section, (B/1 = 1). _
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Figure 25.-Digtribution of drag Pignre 25.-Digtribution of drag
denslty with rectan- deusity with rectan-
gular jet sectinn, (1/1)=0.718 guler jet section, (1/1)=0.2
4 __M\Km__i ........ A U
o .\ ..__-..' ........ e e e ]
F-il o) __% N - -
= e e T
e
8 1 i
2R
~ ]
- 0 : 0 0.5 1.0
:.:/F. ' 11/1
Figure 27.-Digirivution of drag Figure 28.-Trend of drag
density with circular coefficient n

jet section.
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